The population of herpesvirus saimiri (HVS) genomes extracted from extracellular virions are double-stranded, linear DNA molecules of about 160 kilobase pairs (kbp) each composed of a central segment of 110 to 112 kbp and 36~ (G + C) (i.e. 'light' or L-DNA) linked to direct reiterations of a 1,44 kbp repeat unit of 71 ~ (G + C) (i.e. 'heavy' or H-DNA) at each terminus. In this paper, we show that the population of HVS DNA molecules contains approximately equal concentrations of genomes with all possible integral numbers of complete repeat units (i.e. from > 30 to 1) at either 'left' or 'right' ends but that all molecular ends are derived by a unique cleavage at a site close to the single ApaI restriction endonuclease site of the H-DNA repeat unit. Junctions of proximal H-DNA repeat units with L-DNA occur at, or very close to, the sequence present at the molecular ends. The transition from L-to H-DN A occurs abruptly at this site at the 'right' end of the L-DNA component but some rearranged restriction enzyme cleavage sites typical of H-DNA are found within the first 0.8 kbp of the L-DNA sequences at the 'left' H-L DNA junction. HVS appears to provide an extreme example of the general process whereby herpesvirus DNAs are matured from concatemeric intermediates by a site-specific cleavage/recombination process involving random choice between equivalent sites for the initiation of the process and with choices between alternative termination sites being limited by a headful packaging mechanism.
INTRODUCTION
Herpesvirus saimiri (HVS) is a representative of the ?z-subgroup of herpesviruses whose genomes are characterized by an extreme intramolecular heterogeneity in base composition (Roizman, 1982; Honess, 1984) . Thus, the infectious component of DNA from virions of HVS (M-genomes; Eleckenstein & Wolf, 1974; Fleckenstein et al., 1975) is a linear duplex of 100 x 106 to 106 x 106 mol. wt. (i.e. about 160 kilobase pairs, kbp) consisting of a 71 x 106 mol. wt. (110 to 112 kbp) component with a mean composition of 36~ (G + C) ('light' or L-DNA) linked to multiple terminal reiterations of a 1.4 kbp sequence with a mean composition of 70.8 ~o (G + C) ('heavy' or H-DNA; Bornkamm et al., 1976; Bankier et al., 1985) . Measurements of the total contour lengths of terminal H-DNA sequences and of their distribution between 'left' and 'right' ends of L-DNA components from electron micrographs of partially denatured M-genomes (Bornkamm et al., 1976) , showed that the total H-DNA sequence content per genome was approximately constant, but the H-DNA was distributed in an apparently random manner between the 'left' and 'right' ends of L-DNA to form the population of M-genomes. Analyses of the structure of HVS DNA with restriction endonucleases have shown that the majority of the repeat units comprising H-DNA are arranged head-to-tail and have provided some endonuclease cleavage maps for H-and L-DNA components but have not established the nature of the linkage to L-DNA (Fleckenstein & Desrosiers, 1982) .
We were interested in defining the structure of HVS DNA and, in particular, by the implications of the above observations for the mechanism by which progeny genomes of this virus are matured and the mechanism maintaining the junctions between the (G + C)-rich terminal repeats and the (A + T)-rich L-DNA component. During preliminary studies analysing the products of endonuclease cleavage of end-labelled virion DNA we found that all molecules ended at a specific site and that components of the population differed by integral numbers of repeat units on 'left' and 'right' termini (Bankier et al., 1985 and unpublished results) . In this paper we present the interpretation of mapping experiments which define the arrangement of H-relative to L-DNA components at each end of HVS DNA by reference to the precisely predicted map of the H-DNA repeat unit based upon the DNA sequence. In addition, we present results from detailed mapping and DNA sequence studies of the transition from H-DNA to L-DNA at the conventional 'right' end of HVS DNA and consider the implications of these results in the light of current models for the maturation of herpesvirus genomes.
METHODS
Virus growth and purification. Herpesvirus saimiri strain 11 (Falk et al., 1972) was used for all experiments. Virus was grown in monolayer cultures of Owl monkey kidney (OMK-210) cells, Vero or primary marmoset embryo fibroblasts infected at low multiplicities (0.1 p.f.u./cell). Procedures for virus growth and purification have been described previously as have methods for the isolation of intact DNA from purified virions (Fleckenstein & Wolf, 1974; Fleckenstein et al., 1975; Randall & Honess, 1980; Randall et al., 1983; Bankier et al., 1985) .
Recombinamplasmids and DNA sequencing. The construction of recombinant plasmids representing the entire L-DNA region of HVS strain 11 was described by Knust et al. (1983) . Plasmids pWD12 and pWD11 contained the leftmost (KpnI + SmaI-G) and rightmost (KpnI + Sinai-E) fragments of L-DNA cloned into a KpnI/SmaI vector, pWD7. Plasmid pCDS-1 was isolated from a cDNA preparation (synthesized on RNA isolated from cells late in a productive cycle or virus growth) cloned into a pBR322/simian virus 40 shuttle vector. The clone represents part of the late RNA for the 160K polypeptide and contains sequences which cross the first HindlIl site at the right end of the HVS genome (Smith, 1986) . Clones and subclones from the right hand EcoRI-ApaI fragment of virus DNA or ApaI-ApaI fragments were cloned into pUC18 (Norrander et al., 1983) . For some experiments the vector was modified by inserting a synthetic linker containing an ApaI restriction site (Boehringer) into the unique cleavage site for Sinai. Fragments were subcloned into M 13mp 18 and mp 19 for DNA sequence determinations (Messing, 1983) . Recombinant plasmids were propagated in cultures of Escherichia coli HB101 or DH1 and recombinant M13 phages were grown in E. coli JM105 (Yanisch-Perron et al., 1985) . Plasmid DNA was isolated from cultures lysed with alkaline SDS and purified by equilibrium buoyant density sedimentation in gradients of caesium chloride with ethidium bromide, essentially as described by Maniatis et al. (1982) . The procedures for the purification of recombinant M13 DNAs and DNA sequencing using the dideoxynucleotide chain termination procedure of Sanger et al. (1977) were as described in detail by Bankier & Barrell (1983) .
Labelling of DNA in vitro. The methods used for labelling DNA in vitro were essentially as described by Maniatis et al. (1982) . Thus, intact virion DNA was labelled at 5" termini by phosphate transfer from [?-32p]ATP (>5000 Ci/mmol; Amersham) catalysed by T4 polynucleotide kinase (P-L Biochemicals) onto 20 to 100 gg of dephosphorylated (calf intestinal phosphatase; Boehringer) virion DNA. Specific labelling of virion 5' termini was dependent on the prior phosphatase treatment. Intact virion DNA was labelled at 3' ends by incorporation of 2',Y-dideoxyadenosine-5'-[32p]triphosphate (>5000 Ci/mmol; Amersham) catalysed by terminal deoxynucleotidyl transferase (P&S Biochemicals, Liverpool, U.K.). HindlII and EcoRI sites were labelled in a repair synthesis reaction with [c~ -32p]dATP as the labelled nucleotide in reactions catalysed by the Klenow fragment of E. coli DNA polymerase I (Boehringer) and DNA was labelled at random in nick translation reactions catalysed by DNA polymerase I in the presence of[c~-3zp]dATP and [c~-32p]dCTP (Amersham) (Rigby et al., 1977; Maniatis et al., 1982) .
Restriction endonuclease digestions and agarose gel electrophoresis of endonuclease cleavage products. Endonucleases (see Table 1 ) were obtained from a number of commercial suppliers and used as recommended by these suppliers, except that complete cleavage of HVS DNA normally required two to five times as much enzyme as that required to digest a similar concentration of phage 2 DNA. Digests were separated by electrophoresis through 0.4, 0.6, 0.8 or 1.5% agarose gels run horizontally and submerged in a Tris (89 mM), borate (89 mM), EDTA (2 mM) buffer, with applied voltages in the range 1 to 5 V/cm. Gels were calibrated by the use of marker DNA fragments of known size arising from: (i) pAT153 DNA digested with PstI or with TaqI, (ii) phage 2 DNA 0.gtWES.2B) undigested, digested with PstI or digested with HindIII, (iii) adenovirus type 5 DNA undigested or digested with BamHl, HindllI or Sinai and (iv) the H-DN A component of HVS (see text) digested with TaqI, Pstl or Sinai. Gels containing separated fragments were stained with ethidium bromide, photographed with a Polaroid camera and migrations of fragments of known and unknown sizes measured from photographic enlargements (one to two times the original gel dimensions of 20 x 30 cm) of these images. Sizes of unknown fragments were then interpolated in standard curves established by measurements on standard fragments (Schaffer & Sederoff, 1981 ; Elder et al., 1983) . Separated fragments were isolated from agarose gels by electroelution or by phenol extraction of melted samples from low melting point agarose gels.
Procedures for transfer of separated fragments to nitrocellulose filters used the standard high salt (20 × SSC) procedure after denaturation and depurination; hybridizations were at 42 °C in a PIPES-buffered solution with 5 x Denhardt's solution and 30~ formamide (see Maniatis et al., 1982) .
BAL-31 exonuelease digestion and separation of deoxyribonueleoside monophosphates. Samples of purified fragments isolated from NruI digests of 5' end-labelled DNA (5000 to 15000 c.p.m.) were digested with 1 unit of the processive exonuclease BAL-31 (New England Biolabs) for 45 rain at 37 °C in 0.01 ml of 20 mM-Tris-HCl pH 8.0, 0.6 M-NaC1, 12 mM-CaC12, 12 mM-MgCI2 and 1 mM-EDTA. Samples of these digests were mixed with 5 to 10 nmol of each of the four unlabelled marker deoxyribonucleoside monophosphates (dAMP, dCMP, dGMP, TMP; Sigma) and separated by two-dimensional thin layer chromatography on polyethyleneimine (PEI)-cellulose plates (Polygram CEL 300 PEI; Macherey-Nagel, Duren, F.R.G.) with 1.0 u-acetic acid (to 2 cm above the origin) followed by 1.0 M-acetic acid :3.0 M-LiC1 (9:1 v/v) (to 15 cm above the origin) for the first dimension and a solution of 6 g Na2B4OT. 10H20, 3 g H3BO3 and 25 ml ethylene glycol in 70 ml of water for the second dimension. Marker deoxyribonucleoside monophosphates were located as u.v.-absorbent spots by illumination with short wavelength u.v. light and labelled components were detected by autoradiography.
RESULTS

Restriction endonuclease cleavage maps for the L-and H-DNA components of herpesvirus saimiri strain l l[Onc]
The large difference in the mean base composition of the terminal H-DNA repeat units [71 (G + C)] and the L-DNA component [36~ (G + C)] of HVS DNA, together with the availability of a wide range of restriction endonucleases with specificities for (G + C)-or (A + T)rich sequences, permits the choice of a variety of enzymes which cleave selectively within H-or L-components. In a series of preliminary experiments, we confirmed previous studies showing that EeoRI, KpnI, BamHI, XhoI and HindIII had multiple cleavage sites in L-DNA but no sites in H-DNA and, conversely, that SmaI did not cut in L-DNA but had four sites in H-DNA. We also confirmed the major features of the published maps for the products of cleavage of the L-DNA of HVS strain 11 with EcoRI, KpnI, BamHI, XhoI and SalI and constructed maps for MspI/HpaII and NruI and for the HindIII sites at the 'left' and 'right' ends of the L-DNA component (Fig. l, Fig. 7a ; see Desrosiers, 1982, and Knust et al., 1983, for previous maps) . The present XhoI map has one additional fragment at the 'right' end and we confirm the order of the small EcoRI fragments (N-M-O-K) given by Bodemer et al. (1984) . The only anomaly in the maps shown here is the estimated size of the BamHI-E fragment measured from single digests (14.3 kbp) relative to that obtained from summing the products of a variety of double digestions (13 kbp). We attribute this anomaly to the retarding effects of multiple higher mol. wt. BamHI fragments on the migration of BamHI-E at the relatively high DNA concentrations employed in mapping experiments with virion DNA; the lower estimates are likely to be more accurate measures of the true size of this fragment. The maps shown were initially constructed on the basis of single and double digestion experiments with virion DNA but most features have been confirmed by endonuclease mapping of recombinant DNA clones of the KpnI and EcoRI fragments (Knust et al., 1983) and by results from cross-hybridization of these clones to fragments from virion DNA. In addition, the maps for the 'right' 20 kbp have been confirmed by results of DNA sequencing studies (K. R. Cameron et al., unpublished results) and many sites on the 'left' end are consistent with the maps previously presented by . All sizes given are mean estimates from many (> 10) independent measurements against the calibrating standards and with the exception of the BamHI-E fragment (see text), estimated sizes for fragments in the range 15 to 0.5 kbp have standard errors of about 5~ of these mean values. Koomey et al. (1984) and Desrosiers et al. (1984) . We therefore do not give detailed justification for the maps illustrated. The complete DNA sequence of the H-DNA repeat unit has been published (Bankier et al., 1985) , providing a complete map of the predicted sites within the terminal reiterations ( Fig. 6 ). Table 1 summarizes relevant results of a survey to identify enzymes with useful differences in their cleavage of H-and L-DNA components.
Linkage of the 'left' and 'right' molecular ends of virion DNA to unique sites in L-DNA
Those enzymes which cleave within L-DNA but which do not cut H-DNA ( Fig. 1, Table 1 ) produce a series of submolar fragments which represent the terminal H-DNA repeat units linked to the neighbouring L-DNA sequences. Examples of these series are illustrated in Fig. 2 for products of KpnI, EcoRI, HindIII, AhaIII and XhoI digests. Four features of these series of fragments are informative. Firstly, successively larger fragments in each series are related by increments equal to the size of the basic repeat unit comprising H-DNA (i.e. 1.44 kbp; compare products of partial NruI digest with the KpnI-G + repeat ladder shown in Fig. 2a ). Secondly, within a series each element is present at equivalent molarity (i.e. the DNA concentration in a given submolar band is proportional to its size) and, in comparisons between series, elements of the same size are present at the same concentration. This latter point is apparent on comparison ofKpnI, EcoRI and HindIII ladders in Fig. 2 with the AhaIII ladders. The first AhaIII sites in L-DNA are located 1.6 kbp from genome termini of the shortest members of the series of both "left' and 'right' ends. The 'left' and 'right' members of the AhaIII repeat series thus comigrate and are 2-molar relative to the other series illustrated. Thirdly, given the maps for the L-DNA component (Fig. 1 ) some repeat series can be assigned to 'left' or 'right' ends of the genome on the basis of their measured sizes since the smallest submolar bands are smaller than one of the ApaI
* For the purpose of this paper L-DNA is defined as the approx. 111 kbp SmaI-resistant segment of HVS 1 l[Onc] DNA and any sites within these boundaries are listed as sites in L-DNA. The MspI sites within the Sinai sites defining these boundaries for L-DNA are not included as L-DNA sites. H-DNA sites for HhaI and MspI were derived from the sequence of the H-DN A repeat (A. Bankier, personal communication; Bankier et al., 1985) ; sites determined experimentally for other enzymes were all confirmed by this sequence and are given as sites per H-DNA repeat unit (1.444 kbp).
~" YD, Not determined.
terminal unique sequence fragments. For example, in the KpnI and EcoRI digests the lower mol. wt. repeat series evidently arise from KpnI-G ('left') and EcoRI-J ('right') ends, respectively ( Fig. 2) . These assignments are readily confirmed by cross-hybridization experiments employing labelled probes specific for 'left' and 'right' portions of linked L-DNA sequences. Examples of the results from such hybridization experiments, applied to the products of HindlII digestion, are illustrated in Fig. 3 . In this case, the hybridization results not only permit the assignment of the two repeat series to 'left' and 'right' ends, they are necessary to enable the identification of the smallest members of the two repeat series among comigrating unimolar fragments from cleavages at sites within L-DNA. Thus, in the HindlII digest, the smallest repeat series fragment linked to the 'left' end unique sequences is 2.05 kbp and the smallest observed fragment from the 'right' end is 3-05 to 3-I kbp. These latter fragments provide measurements of the minimal distance between the free molecular ends of virion DNA and the first cleavage site for the relevant enzyme in L-DNA. Since other major observed ends are related to these first ends by increments of integral numbers of complete repeat units these data provide linkage information for the first and for other ends in a series. These linkage measurements are summarized in Fig. 7(b) ; it can be seen that independent series provide consistent estimates of the positions of the series of observed genome termini with respect to reference sites in L-DNA.
Linkages of sites in L-DNA to sites in proximal H-DNA repeat units." orientation of the first repeat units on leJt and right ends
Preliminary mapping experiments established that, of the readily available nucleases with unique cleavage sites in H-DNA (Table 1) , NaeI and SphI had no sites between the SmaI sites at 0 kbp or 111 kbp and the first HindlII sites at 'left' or 'right' ends, from the Sinai site at 0 kbp to the first Kpnl site at the left (KpnI + SmaI-G), or from the SmaI site at 111 kbp to the first EcoRI site at the 'right' end (EcoRI + SmaI-J). NruI and ApaI sites were located in the first 0.8 kbp of L-DNA at the 'left' end ( Fig. 1 and Fig. 7a , c, e) but were not present at the 'right' end of L-DNA. Results from a series of double digests of EcoRI or XhoI with NruI or NaeI and KpnI with NaeI relative to EcoRI + Sinai, XhoI + SmaI and KpnI + SmaI thus provided some estimates of linkage distances from L-DNA to sites in the proximal H-DNA sequences. These measurements are summarized in Fig. 7 (c) . To obtain additional linkage data, measurements were made of the distances from H-DNA sites to the first HindlII sites in L-DNA. For these experiments, samples of virion DNA were digested with HindlII and labelled at HindlII sites in end repair reactions catalysed by the Klenow fragment of DNA polymerase I in the presence of [c~-32p]dATP. Labelled DNA was separated on a 0.6~ agarose gel and a mixture of the H-DNA repeat series from both 'left' and 'right' ends was isolated by electroelution from the portion of the gel containing fragments larger than HindllI-A (see e.g. Fig. 2 and 3) . This labelled H-DNA was mixed with unlabelled, intact, virion DNA and the mixture digested with SmaI, TaqI, NruI, Fig. 2 . Analysis of submolar series of terminal fragments amongst products of digestion with endonucleases that do not cleave in H-DNA. (a) Fragments from a complete digest of HVS strain 11 virion DNA with KpnI (K) separated on a 0.6~ agarose gel together with successively more complete digests (1 to 8 units/~tg) with NruI. NruI cuts once in the H-DNA repeat unit (Nrul-C = 1-444 kbp) and only twice in L-DNA (see Fig. 1 and Fig. 7a ). The partial NruI digest provides a convenient calibration to demonstrate the identical periodicity of the submolar bands in the complete KpnI digest (KpnI-G ladder, beginning at approx. 2.8 kbp). (b) Comparison of KpnI (K) and EcoRI (E) digests (separated on a 0.6~ gel) in which the submolar KpnI-G repeat series arising from the 'left' end and the EcoRI-J repeat series arising from the 'right' end can each be seen to be joined by a higher mol. wt. repeat series arising from the opposite (KpnI-E or EcoRI-A) ends. Note that > 10 KpnI-E 'rungs' are visible on the original photographs above KpnI-(B, C) comigrating with the KpnI-G series, before the first member of the EcoRI-A series is detected (see also panel d). (c, d) Comparisons of complete HindlII (H), NruI (N) and EcoRI (E) and EcoRl + NruI double digests (E + N) separated on 0.6~ agarose gels run for 18 h at 2 V/cm (c) or 40 h at 2 V/cm (d). The EcoRl + SmaI-J fragment (1.8 to 1.9 kb) comigrates with EcoRI-I (not shown) whereas the EcoRI + NruI-J fragment is 2.3 kb. The identical periodicity of the repeat series from 'left' and 'right' ends on the HindlII digest and the 'right' end in the EcoRI digest are clearly visible in (d). The 6.5 kbp submolar fragment in the HindlII digest is the fourth member of the 'left' terminal repeat series (see Fig. 3 ) and up to 19 members are resolved on the photograph. (e) Fragments separated on a 0.8% agarose gel from complete digests of identical aliquots of HVS DNA with MspI (M) and with AhalIl, HindllI and XhoI. Separate repeat series from 'left' and 'right' ends are visible in the HindlII digest and from the 'right' end in the XhoI digest. 'Left' and 'right' series comigrate in the products of the AhalII digests. Portions of each gel were stained with ethidium bromide and photographed (lanes 1 to 6 and 10); similar portions were blotted onto nitrocellulose filters and the filters hybridized with recombinant plasmids containing KpnI-SmaI-E ('right' end probe), Kpnl-SmaI-G ('left' end probe; Fig. 1 NaeI, SphI, ApaI and XhoI or with XhoI followed by digestion with SmaI, TaqI, NruI, NaeI, SphI or ApaI. The combined digestions with XhoI were designed to permit identification of 'left' and 'right' ends, since there is an XhoI site distal to the first HindIII site at the 'right' but not at the 'left' end of the genome (Fig. 1, Fig. 7a ). Cleavage products were separated by electrophoresis through a 1.5 ~ agarose gel, together with an MspI digest of HVS DNA, a PstI digest of phage 2 DNA and a TaqI digest of pAT153 DNA as external markers. The migration of internal and external marker fragments was recorded from a photograph of the ethidium bromide-stained gel and the labelled fragments arising from re-cleavage of H-DNA units were detected by autoradiography of the dried gel film. Three major labelled fragments were detected in all digests, one fragment was identical in all digests and comigrated with the H-DNA repeat unit (1.44 kbp); it accounted for from 30 to 50yo of the total 32p label. The other two fragments each represented 20 to 30~ of the total label and had mobilities which were characteristic of each single digest; one of these fragments disappeared and was replaced by a 0.60 kbp fragment in the double digests with XhoI and in all enzymes other than the TaqI. For example, the SphI digest had characteristic labelled fragments of 0-96 and 2.75 kbp, the 0.96 kbp fragment was unaffected by XhoI digestion but the labelled 2-75 kbp fragment was removed and replaced by the labelled 0-6 kbp HindlII-XhoI fragment. The distance from the 'left' HindIII site to the unique SphI site in the first H-DNA unit is therefore 0.96 kbp and the distance from the 'right' HindlII site to the unique SphI site in the first H-DNA unit is 2.75 kbp. Results from these experiments are summarized in Fig. 7(c) ; they demonstrate the proximal H-DNA repeat units are linked to both 'left' and 'right' ends of L-DNA in the orientation (left) NruI-TaqI-NaeI-SphI (right) and that these sites have the spacing characteristic of intact H-DNA units from points no more than 200 bp distal to the Sinai sites at 0 and 111 kbp.
Location of the molecular ends of progeny genomes relative to the sequence of the H-DNA repeat unit
In order to determine the nature of sequences at the free molecular ends of virion DNA a series of experiments was performed in which purified, intact preparations of virion DNA were end-labelled in vitro. Labelling at 5' ends was accomplished by 32p transfer from [7-32p]ATP to phosphatase-treated virion DNA catalysed by polynucleotide kinase and labelling at 3' ends by incorporation of [c~-32p]3'-deoxyadenosine-5'-triphosphate catalysed by terminal transferase. Labelled DNA was then digested with a range of enzymes with sites in H-DNA and the products were separated on 1-5 ~ agarose gels together with sets of marker fragments. Results were obtained using five independent preparations of 5' end-labelled DNA and three preparations of 3' end-labelled DNA; in all cases the terminal fragments were unambiguously identified by their markedly higher specific radioactivities. For example, complete digests of HVS DNA with NruI contain only six fragments (A to F; see Fig. 1, Fig. 2 ) with A and B fragments being largely (A) or completely (B) derived from L-DNA, fragment C representing the intact H-DNA repeat units, E the 'left' junction-spanning fragment and D and F being fragments derived from genome termini (note from Fig. 2a it is apparent that D, E and F are all linked to C) and representing about 70~o (A + B), 30~o (C), 0"6~o (D), 0-6~ (E) and 0"3~o (F) of the total mass of HVS virion DNA. In the five different preparations of 5'-32p-labelled DNA the distribution of label between these fragments was 20 to 60~ (A + B), 5 to 15~ (C), 5 to 15~o (D), < 0.2 to 0.5 ~ (E) and 10 to 25 ~ (F), giving relative specific activities (~o label/~ mass) of 0.3 to 0.9 (A + B), 0.2 to 0.5 (C), 8 to 25 (D), <0.3 to 0.8 (E) and 30 to 80 (F) (see Fig. 4 and 5). In the three preparations of 3' end-labelled DNA the label was incorporated less specifically, with up to 70~ of the label in A + B, 3 to 5 ~ in D, 5 to 10~ in F, but with less than 0.5 ~ in E. The molar specific activity of the F fragment was twofold higher than that of the D fragment in two preparations of 5' end-labelled DNA and in all preparations of 3' end-labelled DNA. Results from analyses of a series of digests of end-labelled virion DNA are illustrated in Fig. 4 . In all cases, the terminal fragments were clearly identified and when results from all digests are combined and related to the cleavage map of the H-DNA repeat unit (Fig. 6) site of the H -D N A repeat unit. The addition of the terminal fragments to the linkage map ( Fig.  7 d) confirms the linkage of the termini and the most distal H -D N A sites with the proximal H-D N A sites previously linked to L-DNA for the shortest members of the observed populations of 'left' and 'right' ends (e.g. on the 'left' end; HindIII to terminus = 2.05, HindIII to SphI 0.96 and SphI to terminus 1.10 kbp). In order to refine the estimated position of the cleavage site and identify terminal residues, end-labelled D N A samples were digested with NruI and the terminal NruI-D and NruI-F fragments were isolated and redigested with restriction endonucleases or hydrolysed to release labelled deoxyribonucleoside monophosphates. Products of redigestion were separated on a D N A sequencing gel together with a calibrating sequence ladder (e.g. Fig. 4b ) and the results of measurements from 5' and 3' end-labelled samples are summarized in Fig. 4(c) . Samples of hydrolysates from terminal and internal fragments isolated from end-labelled D N A were separated by two-dimensional thin layer chromatography (Fig. 5) (Bankier et al., 1985) . Sizes shown (bp) are mean values from at least three independent measurements (see e.g. Fig. 4 ). The maps shown begin arbitrarily at the anique RsaI site.
detected by autoradiography. The NruI-F (left) terminal residue was identified as 5'pC and the NruI-D (right) terminal residue as 5'pG. Although products of exhaustive endonuclease digestion contained single labelled fragments when separated on sequencing gels, independent measurements relative to the calibrating sequence ladder resulted in a 1 to 3 bp ambiguity in the positions of 5' and 3' ends ( Fig. 4c) .
Sequences defining the junction of H-and L-DNA at the 'right" end
The mapping experiments established that sites from the RsaI site to the right of 1 l I kbp to the right terminus had the order and spacing of H-DNA but that the transition to L-DNA must occur at or before the single ApaI site of H-DNA since there was no ApaI site at the predicted position left of the SmaI site at 111 kbp (Fig. 7) . In order to define the junction precisely, virion DNA was cleaved with EeoRI and ApaI, and the resulting EeoRI + ApaI fragments from the 'right'junction were cloned in a pUC18 vector derivative containing a unique ApaI cleavage site in the polylinker. Two types of clones containing 'right' terminal L-DNA sequences were obtained. The majority (e.g. pTS1) had the structure indicated in Fig. 8(a) , containing the H-L junction within an EcoRI + ApaI fragment of 3.3 kbp. However, some clones had a larger fragment of 3-75 kbp inserted (represented by pTS2 in Fig. 8 b) . Physical mapping of clone pTS 1 located the H-L junction close to the single Apal site of H-DNA (Fig. 8a) . Clone pTS2, however, showed a more complex sequence arrangement. It was mapped by isolation of the EeoRI + ApaI fragment, end labelling at the single EeoRI restriction site, and partial digestion with Sinai (Fig.  8c) . This fragment contained a sequence duplication of 450 nucleotides, resulting in an additional SmaI restriction fragment of 400 nucleotides (designated A in Fig. 8b) . Relevant fragments containing the H-L DNA junctions from pTS1 and pTS2 were subcloned in M 13mp 18 and 19 vectors and their nucleotide sequences were determined. The sequence of the junction (Fig. 9a) showed that the transition occurs within the ApaI recognition site of H-DNA and the H-DNA sequence which forms the 'right' junction is the same as that present at 'left' genomic termini (Fig. 9c ). The first base of the first major open reading frame in L-DNA (for the 160K tegument protein of HVS, unpublished results) is located only 250 bp from the junction and the Sinai site which has conventionally defined the end of L-DNA is only 35 bp to the right of the true junction. The sequence across the anomalous recombinant H-DNA region of pTS2 ( Fig. 9b ; the sequence present in the recombinant is indicated by capital letters) related to parental non-recombinant H-DNA units shows that the structure is the product of a nonhomologous recombination event and that the 'right' portion of the recombinant fragment begins only one base pair short of the H-DNA junction sequence. That is, the anomalous H-DNA sequence could be derived by an illegitimate recombination event between a free 'left' end and non-homologous H-DNA at the 'right' end. To determine the relative frequency of anomalous H -L junctions in this preparation of viral DNA, the 'right'-terminal EcoRI-SmaI J fragment was labelled with 32p and hybridized to Southern blots of fragments from a preparation of virion DNA that was cleaved to completion by ApaI and EcoRI. Fig. 10 shows that most junction fragments are 3.3 kbp in size, corresponding to the cloned fragment of pTS1. A minority ( < I0~o of the fragments containing the H -L transition) comigrated with the fragment represented in clone pTS2. The experiment also detected several other anomalous transition fragments (open arrows in Fig. 10 ) which appeared to contain two and three copies of the 450 bp sequence duplicated in pTS2. This probe also revealed the presence of a series of H-DNA fragments which were also related by one to three insertions of a 450 bp sequence (filled arrows in Fig. 10b ), which suggests that similar insertions can occur in H-DNA units which are not linked directly to L-DNA.
DISCUSSION
In this paper we provide a description of the arrangement of reiterated H-DNA sequences at the termini of mature molecules of HVS DNA extracted from extracellular virions. Thus, the The separated fragments were transferred to a nitrocellulose filter and the figure shows an autoradiogram of fragments forming labelled hybrids with a 32p-labelled EcoRI + SmaI-J fragment probe. The major fragments detected in the EcoRI + Apal digest of virion DNA are the expected junction fragment (3.3 kbp, as represented in pTS1) but three anomalous transition fragments are also detected, differing by successive increments of 450 bp (the two fragments larger than the pTS2 fragment are indicated by open arrowheads). A series of fragments related to the normal H-DNA repeat unit 0"4 kbp) by increments of one, two and three 450 bp units were also detected (filled arrowheads).
recognition sites but the choice between alternative termination sites is then limited such that the distance between molecular ends is approximately constant. Such an explanation is clearly consistent with models for the maturation and packaging of herpes simplex virus D N A (Frenkel, 1981; Vlazny et aL, 1982; Ladin et al., 1980; Stow et at., 1983; Varmuza & Smiley, t985; . The HVS genome does differ, however, in the number of redundant copies of the recognition sequence and in the size of the repeat unit which contains it. Consistent with previous failures to detect transcripts homologous to H -D N A (Tracy & Desrosiers, 1980; Bankier et al., 1985) an analysis of the sequence of the H -D N A repeat unit has revealed no large open reading frames nor regions conforming to consensus sequences for R N A polymerase II promoters (Bankier et al., 1985) . There is, therefore, no evidence that the H -D N A component serves any function other than providing appropriately separated copies of cleavage/packaging sequences on the HVS genome. It seems probable that non-defective HVS genomes, should be able to accommodate internal insertions of unrelated D N A sequences in multiples (up to 30) of approximately 1.44 kbp merely by compensating reductions in the number of redundant H -D N A units.
Two further specific properties of the structure and composition of the H-DNA repeats are worthy of re-emphasis. Firstly, we have found that the sequence at the 'left' molecular terminus also forms the transition point to H-DNA at the 'right' junction with L-DNA and is represented in an anomalous recombinant H-DNA unit. Both these observations may be explained by the recombinogenic properties of the ends of DNA molecules. The sequence of the 'left' junction with L-DNA will clearly be of interest in this regard, since in HVS strain l 1 this junction contains a number of rearranged sites characteristic of H-DNA and rearranged sequences hybridizing to H-DNA are located in the adjacent 'L'-DNA sequences (Fig. 1, Fig. 7 ; Knust et al., 1983 ; R. W. Honess, unpublished results) . In contrast, the 'right'junction between H-and L-DNA is precise and can be localized to a single base. Secondly, the profound difference in the mean base composition of H-DNA [71~ (G + C)] and L-DNA [36~ (G + C)] components of HVS DNA merits comment, particularly since we have previously suggested that the differences in base composition of herpesvirus genomes are most simply explained as products of differential bias in virus-coded components of the replicative apparatus and enzymes supplying precursors for DNA synthesis (Honess, 1984) . If this hypothesis is correct, it follows that the enzymes involved in supplying and incorporating precursors into L-DNA cannot be solely responsible for all copying of H-DNA. Recent studies of the maturation of the herpes simplex virus genome have suggested that the cleavage/packaging process involves a copying or gap repair mechanism (Varmuza & Smiley, 1985; . The supposition that components of such repair synthesis reactions linked to maturation differ from components responsible for replicative synthesis does not seem unreasonable. Comparisons of DNA sequences close to the termini of HVS genomes with analogous sequence s of representative alpha-, beta-and gammaherpesviruses have identified conserved sequences (pac-1 and pac-2) similar to signals required for the cleavage and packaging of herpes simplex virus DNA Tamashiro et al., 1984; Albrecht et al., 1985; Tamashiro & Spect0r, 1986) . Moreover, Spaete & Mocarski (1985) have shown that such sequences from the termini of human cytomegalovirus DNA are recognized with sufficiently high efficiency by trans-acting factors in herpes simplex virus-infected cells to provide functional substitutes for elements of the cleavage/packaging signals of herpes simplex virus DNA. Even within the genomes of (G + C)rich herpesviruses the terminal sequences containing these signals have a higher (G + C) content than the majority of protein-coding sequences in these genomes (see e.g. . Thus, we hypothesize that the divergent compositions of H-and L-DNA of HVS are maintained because the repair synthesis processes involved in recombination and in progeny genome maturation are responsible for proportionately more copying of terminal H-than of internal L-DNA sequences and the enzymes of the repair system have an error bias leading to (G + C)-rich DNA sequences.
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